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Part I 

MECHANICAL RELAXATION BEHAVIOR 

OF PET FROM 4.2 TO 280°K 

by 

I. Kuriyama and Eric Baer  



INTRODUCTION 

Several  papers  have been published concerning the effect of t emper -  

0 ature  (ranging f r o m  77 K to  the melting point) and frequency on molecular 

investigated the t ran-  motion in PET.  Fa r row,  Ward and coworkers 

sitions in a se r i e s  of polymethylene terephthalate polymers using dynamic 

mechanical, nuclear magnetic resonance , infrared and x - ray  techniques 

In each of these polymers a first order melting transit ion was observed 

and two second order  t ransi t ions labelled a and p in descending order  

of tempera ture ;  where normally a corresponds to  the g l a s s  t ransi t ion 

tempera tures .  The NMR resul ts  indicated that the (3 transit ion is r e -  

s t r ic ted t o  very smal l  intramolecular motions, whereas the a transit ion 

is associated with large segmental movement in the amorphous regions I 

I l le rs  and Brewer(4) a l so  have investigated the shear ,  

G", moduli in polyethylene terephthalate, P E T ,  in the low frequency 

range between 90 K and melting. They s imilar ly  reported two major  

relaxation maxima; a sharp  almost symmetr ical  peak at approximately 

353 K (a peak, Tg) and an asymmetr ic  peak near  208 K. The complex 

( 1  - 3 )  

G', and the lo s s ,  

0 

0 0 

peak T X ~ S  shown to  he almost insensitive to  crystall inity and it was 

suggested that this maxima is partially due to  the onset of molecular 

motion of the COO -groups in both the t rans  and gauche positions. 

a definite shoulder attributed to  the motion of CH 

around 108'K. 

In addition, 

groups was observed 
2 

In order  t o  t race  the molecular origin of these maxima, 
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have used plast ic izers  which can markedly (4-6) various investigators 

affect  the shape of the loss  modulus - -  temperature  curve a s  well a s  the 

tempera tures  of the relaxation maxima. 

The objectives of this investigation a r e  to study the relaxation 

processes  in PET and related polymers ranging f r o m  liquid helium to  

room tempera ture .  Par t icular  emphasis is being placed on relaxation 

processes  occurring between 4 to  90 K since these molecular motions 

may be extremely important in understanding and improving the ductility 

of these mater ia l s  at liquid hydrogen temperatures  ( 2 0 . 6  K).  

more ,  previous relaxation studies, which were ca r r i ed  out start ing at  

liquid nitrogen tempera tures ,  did not consider the marked effect of 

orientation on molecular relaxations at cryogenic tempera tures .  

repor t ,  new relaxation maxima occurring below 110 K a r e  reported as 

well as some prel iminary resul ts  de scribing relaxations in the oriented 

state.  

0 

0 Fur the r -  

In this 

0 

EXPERIMENTAL 

m r  I ne experirrieriial appai-iiiiis iised was 8 t s r s i o n  pendu!ur;n i ; ~ ~ - v + ~ c ~ ! ~ ~  Y 

descr ibed in these repor t s  which allows the measurement  of the shear  

modulus,  GI, and loss  modulu, G", down to  4 K. A l l  runs were con- 

ducted at a frequency of 1 .  3 2  cycles / sec .  

0 
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Calculation of Shear and Loss Moduli 

The equations used t o  calculate these moduli a r e  well known. The 

logarithmic decrement ,  A ,  is defined by the equation 

n 

where a /a is the rat io  of the amplitude of one cycle to  that of the n-th 
O n  

oscillation. The shear  modulus of the sample,  GI, was calculated f r o m  

the approximate equation (about 1% e r r o r )  

where L is the sample length, N i s  a fo rm factor depending on the 

sample c r o s s  section dimensions, M is the moment of iner t ia  of the 

pendulum and P the period of the oscillations. F r o m  GI and A ,  the 

loss  modulus, G", was obtained using the relation 

Reproducibility of Data 

The  reproducibility of data has  been checked on severa l  occasions. 

In F igure  1,  the logarithmic decrement,  a, 
function of temperature  fo r  amorphous unoriented PET.  Two separate  

specimens were used with s imilar  processing history.  

of the  lo s s  peaks and the temperatures  of the various relaxation maxima 

has  been plotted as a 

Both the shape 
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a r e  quite reproducible. However, the relative intensity varies some- I 
what between samples which is probably due t o  a combination of 

instrumental e r r o r  and property variations between the t e s t  specimens,  

Preparation and Crystallinity Measurements 

Preparative conditions for PET samples used a r e  summarized in 

I Tables 1 and 2 .  The density was measured by the floatation method using 

carbon tetrachloride and M-heptane, and the per cent crystallinity 

calculated in the usual way using a unit cel l  crystal  density of 1.455g/cc 

and an amorphous density of 1 .  3 3 1  g/cc .  

t 
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Table 1 

Preparat ion and Calculated Crystallinities for 
Unoriented P E T  Film 

Sample Annealing Density Crystallinity 
No. Casting Method Condition glee % 

I melted at 28OoC for None 1. 3351 3 .5  

3 min.  and quenched 
into ice water 

2 I I  9OoC, 25 hrs .  1. 3508 17. 2 
in siLicon oil 

3 I 1  llO°C, 10 h r s .  1 .  3766 38. 3 
in silicon oil 

4 1 1  20OoC,30 min. 1. 3942 53.0 
in nitrogen 

64.1 
9 

5 melted at 28OoC for None 1.408 
3 min. and cooled- 
down slowly to  room 
temperature  
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Table 2 

Preparat ion and Calculated Crystallinities 
for Oriented PET Film 

Sample Annealing Density Crysta t Y 
No. Drawing Condition Condition R / C C  % 

8 Uniaxial-drawn at None 
6OoC (Draw rat io  
6:O) 

9 I t  ~ O O O C ,  30 min.  
in nitrogen 

10 Simultaneous 24OoC, 30 min, 
biaxial draw at in nitrogen 
4OoC (3:3) 

11 Commercial  None 
Mylar ; proce s s 
history unknown 

12 Biaxially oriented None 
c omme r cia1 
Mylar C 

1 in 

1 .  3621 2 6 .  7 

1 .  3923 51 .4  

1.4011 58. 6 

1.  3980 56. 2 

1 .  3917 51. 2 
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RESULTS AND DISCUSSION 

t 

I 

Effects of Crystallinity on Mechanical Relaxation Spectra 

The temperature  dependence of t h e  shear  and loss moduli was 

studied with samples ranging in crystallinity f rom 3 .  5 t o  64%. 

resul ts  a r e  shown in Figure 2 for two samples with substantially different 

crystall init ies.  

specimens of unoriented P E T  at various levels of crystallinity is given 

in Table 3 .  

Typical 

A summary of the relaxation peaks observed with five 

Three  new relaxation maxima refer red  to  as '6, $ and have 

0 
been observed a t  around 105, 41, and 20 K,  respectively. Although the 

shape of the b' and 

the peak maxima remain fairly constant. However, the initial resul ts  

indicate that ( peak is measurably effected by crystallinity. An 

additional relaxation peak designated a s  e' has been found near  9 K in 

the high crystallinity samples .  

peak tend to  sharpen appreciably with crystallinity, 

0 

Work is currently underway to  find the s t ructural  origins of these 

relaxation maxima. Wide and small  angle x-ray,  electron microscopy 

and I. R.  measurements  a r e  underway t o  determine the overall  morphology 

and the  s t ructural  differences between samples .  In addition, work will 

be s ta r ted  to  determine whether cryogenic ductility can be related t o  

these relaxation maxima. 
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Effect of Orientation on Mechanical Relaxation Spectra  

Orientation has  a significant effect on the mechanical relaxation 

spec t ra  of PET.  

of temperature  for t h ree  samples having similar crystall init ies but 

markedly different levels of orientation. 

maxima of five representative oriented samples a r e  summarized in 

Table 4.  Biaxial orientation substantially sharpens the relaxation 

maxima and produces a surpr is ing splitting of the 

Both of these variables may be extremely useful in explaining cryogenic 

In Figure 3 ,  the l o s s  modulus is shown a s  a function 

Data describing the relaxation 

p and $ peaks.  

ductility 

As in the unoriented samples ,  s t ructural  characterization a s  well 

as m o r e  dynamic measurements  at various orientations a r e  underway 

in o rde r  t o  determine the mechanism of molecular motion at  each 

relaxation maxima. 

six new relaxation maxima (PI ,  Y ,  8, ,.f,c,&j have been uncovered during 

the pas t  six months. 

This problem is both challenging and complex since 

1 

i 
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Figure 

Figure 2. 

Figure 3 .  

Figure 4,  

FIGURE CAPTIONS 

Logarithmic decrement as  a function of temperature  for  
two samples of amorphous PET.  

Shear modulus and loss  modulus as a function of temperature  
at two different crystallinities. (Frequency c .  p. s .  , solid 
line 5370, dashed line 17.2%). 

The effect of orientation on loss  modulus as a function of 
temperature .  ( 0 commercial  Mylar, p rocess  history 
unknown, little orientation; o uniaxially oriented film; 
0 biaxially oriented P E T  film; Mylar C) .  

Loss modulus as a function of temperature  for  various 
related glycol terephthalate polymers. (0  Polyethylene 
terephthalate, annealed at 1 10°C, 10  h r s .  , 
methylene terephthalate, annealed at 98OC, 1 h r . ,  
D Polynonamethylene terephthalate, annealed at 6 3  C,  
1 h r . )  

Polyhexa- 

0 
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Part I1 

MORPHOLOGY OF PET 

by 

G. Y e h  and P. H. Geil 
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ABSTRACT 

A study has  been made of the morphology of polyethylene terephthalate 

(PET), with p r imary  emphasis on the morphology of the glass and the 

effect of strain-induced crystallization of the polymer. 

f r o m  solution in the f o r m  of chain-folded fibril lar  ribbons a s  in most  

solution-grown polymer crystals .  

character ized by 75 A ball-like s t ructures  in which the molecules a r e  

packed with some "order".  

occurs  by the formation of spherulites consisting of ribbon-like lamellae.  

The long period increases  as measured by small angle x- ray  scattering 

with annealing temperature  but it decreases  with t ime at a given annealing 

tempera ture .  

with t ime .  

of the ball-l ike s t ruc tures .  

ma te r i a l  produces more  complete alignment of the ball-like s t ruc tures  

as well  as perfection in the chain packing within the s t ruc tures .  

special  technique, "Selected Area  Small Angle Electron Diffraction", 

capable of resolving spacings up to  2000 A has been developed in order  

to  investigate the details  of the morphology of oriented PET.  

PET crystal l izes  

The morphology of the glassy state is 

Crystallization f rom glassy amorphous PET 

An interpretation is given for this decrease  of long period 

Strain-induced crystallization of PET occurs  by alignment 

Subsequent heat t reatment  of the strained 

A 
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Glassy, Amorphous State of PET 

Both bulk and thin film samples were used in the present study 

Bulk amorphous, glassy films were prepared by quenching a molten 

film in ice water.  The surface was examined by replication electron 

microscopy. Thin films ( 500-1000A) were prepared by a solution 
0 

casting technique using a 1% trifluoroacetic acid (TFA) solution. Only 

f r e sh  solutions were used.  The films a r e  transparent and a r e  amorphous 

according t o  their  electron diffraction patterns (Figure 4) .  These films 

are thip enough t o  permit  direct  transmission studies in the electron 

microscope. 

Examinations of solution-cast amorphous thin films showed that they 

contained ball-like s t ructures  between 45 A and 100 A in size.  Figure 5 
0 0 

gives an  example of ball-like structures present in amorphous bulk 

material. The ball size occurs a t  about 78 A for the solution cast  

materials and about 7 5  A for the amorphous bulk mater ia l .  

0 

0 
On the 

average the solutiop-cast thin films always have slightly la rger  diameter 

balls than the bulk samples but this is the only visible difference between 

the two preparations.  Therefore ilie majo r i t y  cf t h e  y,~crk was conducted 

on thin films which allowed direct  transmission studies on both shadowed 

and unshadowed specimens,  and consequently meaningful results could 

be obtained. It should be mentioned that there  was no observable changes 

in ball s ize  using two different solution-casting sys tems,  m-c reso l  and T F A .  
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I 

Figure 4. 



Figure 5 
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However, no attempts were made to  see if the ball size changes with the 

quenching conditions employed in the bulk sys tems.  

The ball-like s t ruc tures  a r e  observable as regions of fa i r  contrast  

under bright field illumination in the thin film samples (Figure 6 ,  top),  

indicating a fluctuation in mass density in the sample in this  size range. 

The dark  field micrograph of the corresponding a r e a  obtained by using a 

portion of the innermost diffuse scattering ring (d spacing = 3 .  7 A )  is 
0 

shown in Figure 6 ,  bottom. Small  bright regions of the s ize  of the ball-  

like s t ruc tures  o r  smal le r  a r e  seen all over the field. These a re  the 

scat ter ing ring, indicating that the ball-like s t ruc tures  have some degree 

of order  within them. 

Effect of Annealing Glassy,  Amorphous PET Near o r  Below Tg. 

A l l  samples  were prepared by annealing in a tes t  tube placed in a 

On annealing at tempera tures  below temperature-controlled oil bath. 

Tg,  the ball-like s t ructures  tend to  move, aggregate,  and align. 

Depending on the annealing temperature  and t ime and the film thickness,  

large s t ruc tures  sugge stiilg the initiz? grnxvth stages of spheruli tes may 

be fo rmed .  

F igure  7 is a surface replica of bulk amorphous mater ia l  which had 
0 

0 0 
been annealed for  6 days at 60 C (i. e .  , 5 C below Tg).  The 100 A size 
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1 Figure 7 .  



25 

f 

st ructures  a r e  seen aggregated in many places forming l a rge r  more  o r  

l e s s  spherical  patches about 5-a0  balls in diameter .  

individual ball remains about the same.  

The size of the 

The results f rom thin film work are  more  striking and, in  addition, 

more  informative since diffraction studies can be made. 

s t ructures  observed at an annealing temperature of 56 C for 4 days a r e  

shown in Figure 8 .  

branches off a t r e e .  

orientation along avy one branch. 

small s t ruc tures  resembling the initial growth stages of spherulites were 

observed all over the surface and at the same t ime,  too, the (7 11) and 

(011) reflections started to appear (Figure 9).  These spherulites do not 

increase very much in size (4. 5 micron) even after 7 days of annealing 

at this tempera ture .  However, their  size increases  drastically at 66 C 

o r  near  the Tg of PET (Figure 10). Fur thermore ,  the ball-like 

s t ruc tures  become quite oriented with respect  t o  each other in some 

places within the spherulitic f ibr i ls .  

t o  the f ibr i l  axis.  

The type of 

0 

Aggregates of ball-like s t ructures  seem t o  fo rm 

The ball-like structures do not have any particular 

0 A t  an annealing temperature  of 60 C 

0 

They tend to align in rows normal 
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Figure 8. 
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F i g u r e  9 .  
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Figure 10. 
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C onc lu s ion 

The observation of movement of the ball-like s t ruc tures  at 

tempera tures  well below Tg ( 10 C below) is  a significant finding 

of this portion of r e sea rch  on polyethylene terephthalate.  

flexibility of the polymer even a t  temperatures  well below Tg is therefore  

suggested as resulting f rom some energy absorbing mechanism provided 

0 

The significant 

'by the "ordering" and "disordering" of the molecules within the balls 

and/or  the relative motion between the bal ls ,  

this suggestion is going to  require  the finding of some means of varying 

the s ize  of and the strength of cohesion between the balls in a known 

preparation. 

Fur ther  confirmation of 



FIGURE CAPTIONS 

Figure 4.  

Figure 5 .  

Figure 6 .  

Figure 7 .  

Figure 8. 

Figure 9.  

Electron diffraction pattern of solution-cast thin film showing 
the typical amorphous liquid-like PET diffraction pattern. 

Replica surface of amorphous bulk PET showing the presence 
of ball-like s t ructures .  

Top: Bright field electron micrograph of an amorphous thin 
film showing regions of fair  contrast due to presence of ball- 
like s t ructures .  Bottom: Corresponding dark  field electron 
micrograph obtained by using a portion of the innermost 
diffuse ring. 
dark field micrograph. 

Note the slightly higher magnification of the 

Re l ica surface of amorphous bulk PET after annealing at  
60 C for 6 days.  Spherical patches consisted of 5-10 balls 
in diameter a r e  seen. 

8 

Surface structure of amorphous thin film after annealing at  
56OC for 4 days. 
together a r e  seen in some a r e a s .  

Aggregations of ball-like s t ructures  linked 

Surface structure of amorphous thin film after annealing at 
6OoC for  1 day. The whole surface i s  covered with incipient 
spherulitic s t ructures .  A diffraction pattern obtained f rom a 
s imilar  a r e a  shows the presence of (T-11) and (011) reflections. 
A portion of the diffraction pattern was double-exposed using 
the objective aperture for dark  field studies. 

0 
Figure 10. Spherulites formed by annealing an amorphous thin film at  66 C 

for 6 days.  The ball-like s t ructures  within the fibrils  tend t o  
align in rows normal t o  the f ibr i l  axis (see a r row) .  
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Part III 

I N F R A R E D  STUDIES O F  

S O L V E N T  INDUCED CRYSTALLIZATION 

by 

J.  L. Koenig and B. Hickle 



32 

Experimental 

The effects of solvent and dip time on the crystallinity of PET and 

Acetone and Toluene were chosen a s  the Mylar samples were studied. 

solventstto be used because of results obtained by Moore and Sheldon 

on the rate  of induced crystallization, and also because of their  low 

boiling points for ea s i e r  drying. 

(1 1 

Samples were prepared by cutting the films into 1 1/2 inch squares 

0 
and placing them in an 80 C vacuum oven overnight to dry .  The samples 

were then removed f rom the oven and dipped a t  room temperature .  They 

were then marked and placed in an 80 C vacuum oven overnight. 
0 

The samples were removed from the oven and cut in half, half being 

All samples were run 0 
heat set  in a 140 C vacuum oven for  half an  hour. 

on the Perkin-Elmer 521 Infra-Red Spectrophotometer and absorbance 

values were calculated f rom baselines employed in HannonIs work with 

P E T .  

-1 
The effect of dip t ime on the 973 ern band (crystalline) and the 988 

- 1  
e112 

the following graphs,  

thickness) to  make the various samples comparable. 

absorbance values was Calculated to be 0 . 1  absorbance units. 

?xiid (fz!d) fz r  Seth heat se t  a n d  non-heat set  samples a r e  shown in 

-1 
All values a re  divided by the 795 ern band (internal 

The e r r o r  in the 
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Discus s ion 

A n  examination of Figures 11, 12, 13, and 14 indicates that several  

conclusions can be drawn about solvent-induced crystallization of PET 

The amount of solvent-induced crystallinity depends on the dip- 

or  equivantly on the amount of solvent in the amorphous film. t ime 

time-dependent increase in crystallinity in presence of solvent hit below 

the glass transition is similar to  the time-dependent behavior of heat- 

induced crystallinity at temperatures  above the glass transit ion in the 

absence of solvent. Heat setting of samples which had been dipped 

produced an additional increase in crystallinity as expected but the 

initial decrease for very short  dip t imes is  anomalous. 

The 

Acetone -dipped films had a higher crystallinity for  equivalent dip- 

Since acetone is a better solvent than t imes than toluene-dipped films. 

toluene, this is not an unexpected resul t ,  

The amount of solvent-induced crystallinity in commercial  mylar  

samples  is considerably lower due to the high initial crystallinity. Due 

to  the smai i  changes iii ci-j-stallinity very Ilttle. difference was observed 

between the two solvents. 

did not produce any major  differences. 

Heat setting of the dipped commercial  films 
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